We use the Fourth Data Release of the Sloan Digital Sky Survey to test the ubiquity of infall patterns around galaxy clusters and measure cluster mass profiles to large radii. The Cluster And Infall Region Nearby Survey (CAIRNS) found infall patterns in a sample of nine clusters. Here, we match X-ray cluster catalogs with SDSS, search for infall patterns, and compute mass profiles for a complete sample of X-ray selected clusters. Very clean infall patterns are apparent in most of the clusters, with the fraction decreasing with increasing redshift due to shallower sampling. All 72 clusters in a well-defined sample limited by redshift (ensuring good sampling) and X-ray flux (excluding superpositions) show infall patterns sufficient to apply the caustic technique. This sample is by far the largest sample of cluster mass profiles extending to large radii to date. Similar to CAIRNS, cluster infall patterns are better defined in observations than in simulations. Further work is needed to determine the source of this difference. We use the infall patterns to compute mass profiles for 72 clusters and compare them to model profiles. Cluster scaling relations using caustic masses agree well with those using X-ray or virial mass estimates, confirming the reliability of the caustic technique. We confirm the conclusion of CAIRNS that cluster infall regions are well fit by NFW and Hernquist profiles and poorly fit by singular isothermal spheres. This much larger sample enables new comparisons of cluster properties with those in simulations. The shapes (specifically, NFW concentrations) of the mass profiles agree well with the predictions of simulations. The mass in the infall region is typically comparable to or larger than that in the virial region. Specifically, the mass inside the turnaround radius is on average 2.19±0.18 times that within the virial radius. This ratio agrees well with recent predictions from simulations of the final masses of dark matter haloes.
1. introduction Clusters of galaxies are the most massive gravitationally relaxed systems in the universe. They offer a unique probe of the properties of galaxies and the distribution of matter on intermediate scales. The dynamically relaxed centers of clusters are surrounded by infall regions in which galaxies are bound to the cluster but are not in equilibrium. The Cluster and Infall Region Nearby Survey (CAIRNS) pioneered the detailed study of cluster infall regions in observations. CAIRNS studied nine nearby galaxy clusters and their infall regions with extensive spectroscopy (Rines et al. 2003 and near-infrared photometry from the Two-Micron All-Sky Survey (Rines et al. 2004 ). The nine CAIRNS clusters display a characteristic trumpet-shaped pattern in radius-redshift phase space diagrams. These patterns were first predicted for simple spherical infall onto clusters (Kaiser 1987; Regös & Geller 1989 ), but later work showed that these patterns reflect the dynamics of the infall region (Diaferio & Geller 1997, hereafter DG) and (Diaferio 1999, hereafter D99) .
Using numerical simulations, DG and D99 showed that the amplitude of the caustics is a measure of the escape velocity from the cluster; identification of the caustics therefore allows a determination of the mass profile of the cluster on scales 10h −1 Mpc. In particular, nonparametric measurements of caustics yield cluster mass profiles accu-rate to ∼50% on scales of up to 10 h −1 Mpc when applied to clusters extracted from cosmological simulations (thus accounting for many potential systematic uncertainties such as departures from spherical symmetry). This method assumes only that galaxies trace the velocity field. Indeed, simulations suggest that little or no velocity bias exists on linear and mildly non-linear scales (Kauffmann et al. 1999a,b; Diemand et al. 2004; Faltenbacher et al. 2005) .
CAIRNS showed that these patterns are well defined in observations of nearby clusters. In fact, the infall patterns or "caustics" have significantly higher contrast in the CAIRNS observations than in the simulations of DG and D99. The CAIRNS clusters are fairly massive clusters and generally have relatively little surrounding large-scale structure (but see Rines et al. 2001 Rines et al. , 2002 . One might suspect that the presence of infall patterns is limited to massive, isolated clusters. However, other investigators have found infall patterns around the Fornax Cluster (Drinkwater et al. 2001) , the Shapley Supercluster (Reisenegger et al. 2000) , an ensemble cluster comprised of poor clusters in the Two Degree Field Galaxy Redshift Survey (Biviano & Girardi 2003) , and even the galaxy group associated with NGC 5846 (Mahdavi et al. 2005) .
CAIRNS showed that caustic masses of clusters agree well with mass estimates from both X-ray observations and Jeans' analysis at small radii (Rines et al. 2003) . Lokas & 1 Mamon (2003) confirm that the mass of Coma estimated from higher moments of the velocity distribution agrees well with the caustic mass estimate . Recently, Diaferio et al. (2005) showed that caustic masses agree with weak lensing masses in three clusters at moderate redshift.
Although the presence of caustics in all nine CAIRNS clusters suggests that they are ubiquitous, some readers may wonder how robust the caustic technique is. To that end, we use the Fourth Data Release (DR4) of the Sloan Digital Sky Survey (SDSS) to test the ubiquity of infall patterns around galaxy clusters. We match four X-ray cluster catalogs derived from the ROSAT All-Sky Survey (RASS; Voges et al. 1999) to the spectroscopic area covered in DR4 and analyze the resulting sample of 72 clusters. Our procedure is similar to the RASS-SDSS (Popesso et al. 2004 (Popesso et al. , 2005 analysis of clusters in DR2, but we concentrate on the outskirts of clusters and on nearby systems with large redshift samples. Miller et al. (2005) construct a cluster catalog by locating overdensities in position and color within SDSS DR2.
CAIRNS also provides an important zero-redshift benchmark for comparison with more distant systems (e.g., Ellingson et al. 2001) . In particular, the caustic technique is a membership algorithm. The resulting samples should therefore provide clean measures of cluster scaling relations. The CNOC1 project assembled an ensemble cluster from X-ray selected clusters at moderate redshifts. The CNOC1 ensemble cluster samples galaxies up to ∼2 virial radii (see Carlberg et al. 1997; Ellingson et al. 2001 , and references therein). The caustic pattern is easily visible in the ensemble cluster, but Carlberg et al. (1997) apply only Jeans analysis to the cluster to determine an average mass profile. Biviano & Girardi (2003) analyzed cluster redshifts from the 2dF 100,000 redshift data release. They stacked 43 poor clusters to produce an ensemble cluster containing 1345 galaxies within 2 virial radii and analyzed the properties of the ensemble cluster with both Jeans analysis and the caustic technique. Biviano & Girardi (2003) find good agreement between the two techniques; the caustic mass profile beyond the virial radius agrees well with an extrapolation of the Jeans mass profile. In contrast to these studies, the CAIRNS clusters are sufficiently well sampled to apply the caustic technique to the individual clusters. Similarly, SDSS provides sufficiently deep and dense samples that we can study the infall regions of individual clusters, thus constraining cluster-tocluster variations and avoiding uncertainties in stacking procedures.
The primary advantage of the CIRS sample is the large number of clusters. Besides confirming the CAIRNS results, CIRS provides a sufficiently large sample of clusters to enable much more general constraints on cluster properties. CIRS also covers a wider range of cluster masses, X-ray luminosities, and environments. The small number of clusters in CAIRNS prevented general conclusions about clusters.
We describe the data and the cluster sample in § 2. In § 3, we review the caustic technique and use it to estimate the cluster mass profiles, discuss cluster scaling relations, and compare the caustic mass profiles to simple parametric models. We discuss some inidividual clusters in §4.
We compare the caustic mass profiles to X-ray and virial mass estimators in § 5. We compute the velocity dispersion profiles in § 6. We discuss our results and conclude in §7. We assume H 0 = 100h km s −1 , Ω m = 0.3, Ω Λ = 0.7 throughout.
2. the cirs cluster sample 2.1. Sloan Digital Sky Survey
The Sloan Digital Sky Survey (SDSS, Stoughton et al. 2002 ) is a wide-area photometric and spectroscopic survey at high Galactic latitudes. The Fourth Data Release (DR4) of SDSS includes 6670 square degrees of imaging data and 4783 square degrees of spectroscopic data (Adelman-McCarthy et al. 2006 ).
The spectroscopic limit of the main galaxy sample of SDSS is r=17.77 after correcting for Galactic extinction (Strauss et al. 2002) . CAIRNS sampled all galaxies brighter than about M * + 1 and often fainter. Figure 7 of Rines et al. (2005) shows the infall patterns for galaxies brighter than M * Ks + 1. These patterns are readily apparent, but less well-defined than the full CAIRNS samples (Rines et al. 2003) . Assuming the luminosity function of Blanton et al. (2003) , the spectroscopic limit of SDSS corresponds to M * 0.1 r + 1 at z = 0.092. Thus, we expect that infall patterns of clusters with masses similar to CAIRNS clusters should be apparent to z 0.1, though not much further.
Note that SDSS is ∼90-95% complete to the nominal spectroscopic limit, primarily due to fiber collisions (Strauss et al. 2002) , although the completeness is smaller in dense regions like galaxy clusters. There is also some incompleteness due to star-galaxy classification. Because the target selected in a fiber collision is determined randomly, this incompleteness can theoretically be corrected for in later analysis. For our purposes, the incompleteness is not important provided sufficient numbers of cluster galaxies do have spectra.
X-ray Cluster Surveys
Because SDSS surveys primarily low-redshift galaxies, the best sampled clusters are both nearby and massive. We therefore search X-ray cluster catalogs derived from the ROSAT All-Sky Survey for clusters in DR4. RASS (Voges et al. 1999 ) is a shallow survey but it is sufficiently deep to include nearby, massive clusters. RASS covers virtually the entire sky and is thus the most complete X-ray cluster survey for nearby clusters.
Published cluster catalogs derived from the RASS include the X-ray Brightest Abell Cluster Survey (XBACS), the Bright Cluster Survey (BCS), the NOrthern ROSAT All-Sky galaxy cluster survey (NORAS), and the ROSAT-ESO flux limited X-ray galaxy cluster survey (REFLEX). XBACS is "an essentially complete, all-sky, X-ray fluxlimited sample of 242 Abell clusters" from RASS I (Ebeling et al. 1996) , the first processing of the RASS. BCS is the Bright Cluster Survey (Ebeling et al. 2000b ) and eBCS is an extension of this survey to a smaller limiting flux (Ebeling et al. 2000a ). XBACs and BCS/eBCS were constructed first by searching for X-ray sources around known optical clusters from the Abell and Zwicky catalogs; they then use a Voronoi Tesselation and Percolation (VTP) algorithm to identify extended X-ray sources (from a master catalog of X-ray point sources) not associated with optical clusters. PSPC count rates are converted to total fluxes (in the 0.1-2.4 keV energy band) using King models to account for missing flux at large radii and corrected for Galactic absorption and K corrected using either temperatures from David et al. (1993) or a correction from the L X − T relation from an iterative process. BCS/eBCS covers the northern hemisphere at high Galactic latitudes (δ ≥0 • and |b| >20 • ). The flux limits of BCS and eBCS are 4.4 and 2.8×10 −12 erg s −1 cm −2 respectively. Ebeling et al. (2000b) estimate the completeness to these limits is approximately 90% and 80%, where the missing clusters are extended sources not included in the master catalog of X-ray point sources.
NORAS (Böhringer et al. 2000a ) also covers the northern hemisphere at high Galactic latitudes (δ ≥0 • and |b| >20 • ). The initial source catalog consists of extended objects detected in RASS I with their properties determined from RASS II (the second processing of RASS, Voges et al. 1999) data. The fluxes are computed using a method called growth curve analysis and are corrected for missing flux by fitting the emission profile to a β model (Cavaliere & Fusco-Femiano 1976) and extrapolating to 12 core radii. The NORAS fluxes agree well with BCS/eBCS fluxes for clusters in common. Both surveys are expected to be incomplete. Comparing NORAS and REFLEX, Böhringer et al. (2000b) estimate that the completeness of NORAS is about 50%. In a subset of NORAS (an area of sky between right ascensions 9 h and 14 h and declinations δ>0), the completeness increases to 82% with the addition of several additional clusters found in a thorough search of Abell cluster positions and extended sources in the RASS II catalog Böhringer et al. (2000b) . We include these clusters in our sample.
REFLEX ) is analogous to NORAS but for the southern hemisphere. Both NO-RAS and REFLEX extend to smaller X-ray fluxes than XBACS. The catalog construction is different for each survey: XBACs and BCS/eBCS initially search for extended X-ray sources around known optical clusters; BCS/eBCS includes additional X-ray selected clusters selected from a master catalog of point sources. NORAS is selected from extended X-ray sources with no explicit optical selection. Finally, REFLEX matches X-ray flux overdensities with galaxy overdensities and is therefore selected jointly in Xray and optical wavelengths. The REFLEX fluxes are calculated in the same manner as NORAS.
When multiple X-ray fluxes are available for a cluster, we use the most recently published value. The order of preferences is therefore: REFLEX, NORAS, BCS/eBCS, XBACs. We define a flux-limited and redshift-limited sample of clusters with the criteria f X ≥ 3 × 10 −12 erg s −1 cm −2 (0.1-2.4 keV) and z ≤0.10. Note that variations in the method of determining flux in different catalogs may affect the precise flux limit. The only cluster with an XBACs flux is A1750b, the southern component of A1750. We follow Böhringer et al. (2004) and treat A1750 as a single source rather than two separate sources as in XBACs. Similarly, the galaxy NGC5813 is bound to the NGC5846 group (Mahdavi et al. 2005) . Because the dynamics of NGC5813 are dominated by the NGC5846 system, we eliminate NGC5813 from the sample. We in-spect the redshift data around each cluster to confirm the cluster redshift and find that A2064 has an incorrect redshift (and X-ray luminosity) listed in NORAS. The correct redshift is 0.0738 instead of 0.1076. We correct the X-ray luminosity accordingly. The redshift of A2149 is listed as z=0.1068 in NORAS and z=0.0675 in eBCS. Because the X-ray peak of the RASS image lies near an apparent BCG at the latter redshift (see §4), we adopt the eBCS value and adjust the X-ray luminosity accordingly. Our final flux and redshift limited sample contains 72 clusters within the SDSS DR4 spectroscopic footprint. We will refer to this sample as the CIRS (Cluster Infall Regions in SDSS) clusters hereafter. The completeness of the CIRS sample is limited by the completeness of the underlying cluster catalogs. However, by combining clusters from the various catalogs we should be more complete than any individual catalog. For our purposes, this modest potential incompleteness is not important. The clusters are an unbiased sample: the selection of the CIRS sample is based purely on X-ray flux and the footprint of the SDSS DR4 spectroscopic survey.
results

Ubiquity of Infall Patterns around Clusters
We first test for the ubiquity of infall patterns around X-ray clusters. Analogous to CAIRNS, we plotted radiusredshift diagrams for all clusters in the X-ray cluster catalogs covered by DR4 with z <0.20. Clusters with z >0.15 have very few spectroscopically confirmed members in DR4. We assign a "by-eye" classification of each cluster's infall pattern: "clean" for clusters with few background and foreground galaxies, "intermediate" for clusters with apparent infall patterns but significant contamination from either related large-scale structure or foreground and background objects, and "none" for clusters with no apparent infall pattern. Below, we demonstrate that the caustic technique can be applied successfully to clusters classified here as "intermediate" or "none"; our classification scheme is thus fairly conservative. We use this classification scheme only to show the dependence of the infall pattern appearance on cluster mass and the sampling depth. Figure 1 shows the dependence of this subjective classification on X-ray luminosity and redshift. As expected from the depth of SDSS ( §2.1), there are few "clean" infall patterns where SDSS samples shallower than M * + 1. We therefore define a "complete" sample selected by X-ray flux f X ≥ 3×10 −12 erg s −1 cm −2 (0.1-2.4 keV) and redshift (z ≤0.10). The CIRS sample contains 72 clusters; we find a significant signal for determining caustic mass profiles for 72/72 or 100% of the CIRS cluster sample ( §3.2). The vast majority of the CIRS sample (56/72 or 78%) contain "clean" infall patterns and only three (4%) have poorly defined infall patterns. Of the three clusters in the latter category, two are embedded in larger structures (NGC4636 in the outskirts of the Virgo cluster and A2067 in the outskirts of A2061, part of the CorBor supercluster) and one (A1291) is a possible merging cluster with two nearly concentric components separated by ∼2000km s −1 (see §4 for details). Figure 1 also shows the CAIRNS X-ray luminosity and redshift limits. The three CIRS clusters meeting this criteria were studied by CAIRNS (A119, A168, and A2199). Figure 1 demonstrates the expanded parameter space covered by the CIRS sample. Table 1 lists the clusters in the CIRS sample, their X-ray positions, luminosities, and temperatures (when available), their central redshifts and velocity dispersions (see below), and the projected radius R comp within which the SDSS DR4 spectroscopic survey provides complete spatial coverage. For several clusters, the caustic pattern disappears beyond R comp because of this edge effect. Figures 2-7 show the radiusredshift diagrams for the CIRS sample.
Another factor which determines the presence or absence of a "clean" infall pattern is the surrounding largescale structure. For example, the redshift-radius diagrams of groups within the infall regions of more massive clusters reflect the kinematics of the cluster's infall region (e.g., A2199, see Rines et al. 2002) rather than the kinematics of the group. The CIRS sample contains several of these systems: NGC6107 and A2197 in the infall region of A2199, NGC4636 in the infall region of Virgo, NGC5813 in the infall region of NGC5846, and A2067 in the infall region of A2061. A1173 and A1190 are close and likely bound. Two clusters, A1035 and A1291, show evidence of two infall patterns in the projected radius-redshift diagrams. We label the two components A and B with A indicating the lower redshift component. The caustic algorithm finds A1035B and A1291A to be the more significant component; we use these components when compiling results for the CIRS sample. We discuss these systems in more detail in §4.
Caustics and Mass Profiles
Similar to CAIRNS, the CIRS clusters show infall patterns much more well defined than those of the simulations (Diaferio 1999) . Because infall patterns are better defined in a low-density universe (Diaferio 1999 ), a possible explanation for this discrepancy is that the real universe has a smaller matter density than the simulations. Another possibility is that the semi-analytic galaxy formation recipes used in Diaferio (1999) are inaccurate around massive clusters.
We briefly review the method DG and D99 developed to estimate the mass profile of a galaxy cluster by identifying caustics in redshift space. The method assumes that clusters form in a hierarchical process. Application of the method requires only galaxy redshifts and sky coordinates. Toy models of simple spherical infall onto clusters produce sharp enhancements in the phase space density around the system. These enhancements, known as caustics, appear as a trumpet shape in scatter plots of redshift versus projected clustercentric radius (Kaiser 1987) . DG and D99 show that random motions smooth out the sharp pattern expected from simple spherical infall into a dense envelope in the redshift-radius diagram (see also Vedel & Hartwick 1998 ). The edges of this envelope can be interpreted as the escape velocity as a function of radius. Galaxies outside the caustics are also outside the turnaround radius. The caustic technique provides a well-defined boundary between the infall region and interlopers; one may think of the technique as a method for defining membership that gives the cluster mass profile as a byproduct.
The amplitude A(r) of the caustics is half of the distance between the upper and lower caustics in redshift space. Assuming spherical symmetry, A(r) is related to the cluster gravitational potential φ(r) by
is the velocity anisotropy parameter and σ t and σ r are the tangential and radial velocity dispersions respectively. DG show that the mass of a spherical shell of radii [r 0 , r] within the infall region is the integral of the square of the amplitude A(r)
where F β ≈ 0.5 is a filling factor with a numerical value estimated from simulations. Variations in F β lead to some systematic uncertainty in the derived mass profile (see D99 for a more detailed discussion). Operationally, we identify the caustics as curves which delineate a significant decrease in the phase space density of galaxies in the projected radius-redshift diagram. For a spherically symmetric system, taking an azimuthal average amplifies the signal of the caustics in redshift space and smooths over small-scale substructures. We isolate the clusters initially by studying only galaxies within R p ≤10h −1 Mpc and ±5000km s −1 of the nominal cluster centers from the X-ray catalogs. We perform a hierarchical structure analysis to locate the centroid of the largest system in each volume. This analysis sometimes finds the center of another system in the field. In these cases, limiting the galaxies to a smaller radial and/or redshift range enables the algorithm to center on the desired cluster. Table 4 lists these restrictions.
We adaptively smooth the azimuthally averaged data and the algorithm chooses a threshold in phase space density. The upper and lower caustics at a given radius are the redshifts at which this threshold density is exceeded when approaching the central redshift from the "top" and "bottom" respectively of the redshift-radius diagram. Because the caustics of a spherical system are symmetric, we adopt the smaller of the upper and lower caustics as the caustic amplitude A(r) at that radius. This procedure reduces the systematic uncertainties introduced by interlopers, which generally lead to an overestimate of the caustic amplitude. The threshold is defined by the algorithm to minimize the quantity | <v 2 esc > R −4 <v 2 > R | 2 , where R is a virial-like radius (see D99 for details). Rines et al. (2002) explore the effects of altering some of these assumptions and find that the differences are generally smaller than the estimated uncertainties.
D99 described this method in detail and showed that, when applied to simulated clusters containing galaxies modelled with semi-analytic techniques, it recovers the actual mass profiles to radii of 5-10 h −1 Mpc from the cluster centers. D99 give a prescription for estimating the uncertainties in the caustic mass profiles. The uncertainties estimated using this prescription reproduce the actual differences between the caustic mass profiles and the true mass profiles of the simulated clusters including systematic effects such as departures from spherical symmetry. The uncertainties in the caustic mass profiles of observed clusters may be smaller than the factor of 2 uncertainties in the simulations. This difference is due in part to the large number of redshifts in the CIRS redshift catalogs relative to the simulated catalogs. Furthermore, the caustics are generally more cleanly defined in the data than in the simulations. Clearly, more simulations which better reproduce the appearance of observed caustics and/or include fainter galaxies would be useful in determining the limits of the systematic uncertainties in the caustic technique. In §7, we use the properties of the X-ray gas to determine the scatter in the caustic mass estimates relative to X-ray mass estimates.
We calculate the shapes of the caustics with the technique described in D99 using a smoothing parameter of q = 25. The smoothing parameter q is the scaling between the velocity smoothing and the radial smoothing in the adaptive kernel estimate of the underlying phase space distribution. Previous investigations show that the mass profiles are insensitive to changes of a factor of 2 in the smoothing parameter Rines et al. 2000 Rines et al. , 2002 . Table 2 lists the hierarchical centers. These centers generally agree with the X-ray positions (Table  2 ) with a median difference of 109 h −1 kpc and with the redshift centers from the X-ray catalogs with a median difference of -17km s −1 . The hierarchical centers disagree by more than 500h −1 kpc in four clusters and by more than 1000km s −1 for seven clusters. The hierarchical redshift centers are more reliable than those in the X-ray cluster catalogs because the former are based on much larger redshift samples. We discuss some of the individual cases in §4. Figures 2-7 show the caustics and Figures 18-23 show the associated mass profiles. Note that the caustics extend to different radii for different clusters. D99 show that the appearance of the caustics depends strongly on the line of sight; projection effects can therefore account for most of the differences in profile shape in Figures 2-7 without invoking non-homology among clusters. We use the caustics to determine cluster membership. Here, the term "cluster member" refers to galaxies both in the virial region and in the infall region. Figures 2-7 show that the caustics effectively separate cluster members from background and foreground galaxies, although some interlopers may lie within the caustics. This clean separation affirms our adoption of velocity dispersions calculated from cluster members as defined by the caustics ( §3.2). We find a significant signal for the caustic profile for 72/72 or 100% of the CIRS cluster sample. This amazing success rate demonstrates the power and ubiquity of the caustic technique in identifying the galaxies associated with clusters and their infall regions.
In the simulations of D99, the degree of definition of the caustics depends on the underlying cosmology; caustics are better defined in a low-density universe than a flat, matter-dominated universe. Surprisingly, the contrast of the phase space density between regions inside and outside the caustics is much stronger in the data than in both the τ CDM and ΛCDM simulated clusters in D99. The difference may arise from the cosmological model used or the semi-analytic techniques for defining galaxy formation and evolution in the simulations. The difference may be accentuated by the large numbers of redshifts in the CAIRNS catalogs which extend (non-uniformly) to fainter magnitudes than the simulated catalogs displayed in D99. The contrast of the caustics with the background is unlikely to be a precise cosmological indicator, but it is suggestive that real clusters more closely resemble the ΛCDM than the τ CDM simulated cluster.
The caustic pattern in the CAIRNS clusters is robust to the addition of fainter galaxies to the radius-redshift diagrams (see also Geller et al. 1999 ). This result suggests that dwarf galaxies trace the same caustic pattern as giant galaxies. This result holds for the CIRS clusters; in particular, A2199, a CAIRNS cluster, has much deeper sampling in CIRS (double the redshifts in CAIRNS), yet the mass profiles agree quite well.
The D99 algorithm we use to identify the caustics generally agrees with the lines one would draw based on a visual impression. This consistency suggests that systematic uncertainties in the caustic technique are dominated by projection effects rather than the details of the algorithm. We discuss some individual clusters in more detail in §4.
Virial and Turnaround Masses and Radii
The caustic mass profiles allow direct estimates of the virial and turnaround radius in each cluster. For the virial radius, we estimate r 200 (r ∆ is the radius within which the enclosed average mass density is ∆ρ c , where ρ c is the critical density) by computing the enclosed density profile [ρ(< r) = 3M (< r)/4πr 3 ]; r 200 is the radius which satisfies ρ(< r 200 ) = 200ρ c . In our adopted cosmology, a system should be virialized inside the slightly larger radius ∼r 100 ≈ 1.3r 200 (Eke et al. 1996) . We use r 200 because it is more commonly used in the literature and thus allows easier comparison of results. For the turnaround radius r t , we use equation (8) of Regös & Geller (1989) assuming Ω m = 0.3. For this value of Ω m , the enclosed density is 3.5ρ c at the turnaround radius. If the w parameter in the equation of state of the dark energy (P Λ = wρ Λ ) satisfies w ≥ −1, the dark energy has little effect on the turnaround overdensity (Gramann & Suhhonenko 2002) . Varying Ω m in the range 0.02-1 only changes the inferred value of r t by ±10%; the uncertainties in r t from the uncertainties in the mass profile are comparable or larger (Rines et al. 2002) . Table 3 lists r 200 , r t , and the masses M 200 and M t enclosed within these radii. For some clusters, the maximum extent of the caustics r max is smaller than r t . For these clusters, r t is a minimum value assuming that there is no additional mass outside r max . The best estimate of the mass contained in infall regions clearly comes from those clusters for which r max ≥ r t . The average mass within the turnaround radius for these clusters is 2.19±0.18 times the virial mass M 200 , demonstrating that clusters are still forming in the present epoch (the average ratio for all clusters is 1.97±0.10). Similarly, the average turnaround radius is (4.96±0.08)r 200 for clusters with r max ≥ r t , and (4.75±0.07)r 200 averaged over all clusters. Simulations of the future growth of large-scale structure (Gramann & Suhhonenko 2002; Nagamine & Loeb 2003; Busha et al. 2003) for our assumed cosmology (Ω m = 0.3, Ω Λ = 0.7) suggest that galaxies currently inside the turnaround radius of a system will continue to be bound to that system. In open cosmologies with Ω Λ = 0, objects in regions where the enclosed density exceeds the critical density are bound, whereas in closed cosmologies, all objects are bound to all other objects. Our results for the turnaround radius and mass agree with the predictions of Busha et al. (2005) , who find that the ultimate mass of dark matter haloes in simulations is 1.9M 200 . We compare the virial masses M 200 from the caustics with masses calculated using the virial theorem in §7.
One striking result of this analysis is that the caustic pattern is often visible beyond the turnaround radius of a cluster. This result suggests that clusters may have strong dynamic effects on surrounding large-scale structure beyond the turnaround radius. For our assumed cosmology, this large-scale structure is probably not bound to the cluster. See Plaga (2005) for an alternative explanation of this observed structure.
Cluster Scaling Relations
Scaling relations between simple cluster observables and masses provide insight into the nature of cluster assembly and the properties of various cluster components. Establishing these relations for local clusters is critical for future studies of clusters in the distant universe with the goal of constraining dark energy (Majumdar & Mohr 2004; Lin et al. 2004) .
We apply the prescription of Danese et al. (1980) to determine the mean redshift cz ⊙ and projected velocity dispersion σ p of each cluster from all galaxies within the caustics. We calculate σ p using only the cluster members projected within r 200 estimated from the caustic mass profile. Note that our estimates of r 200 do not depend on σ p .
One of the simplest observables of clusters is X-ray luminosity. The X-ray luminosities are in the ROSAT band (0.1-2.4 keV) and corrected for Galactic absorption (taken from REFLEX, NORAS, and BCS/eBCS). Figure 8 shows the L X − σ p relation for the CIRS clusters along with the best-fit L X −σ p relation of the RASS-SDSS (Popesso et al. 2005) . Although the scatter is large, the CIRS clusters follow the same relation as the RASS-SDSS sample. Figure 9 shows L X versus M 500 as estimated from the caustics. The bisector of the least-squares fits to the CIRS sample agrees very well with the RASS-SDSS M 500 − L X relation for masses estimated with the virial theorem (Popesso et al. 2005) , but both relations are offset from the M 500 − L X relation with masses estimated from T X . The significance and origin of this offset merit a more detailed analysis than possible here.
The mass-temperature relation (Evrard et al. 1996; Horner et al. 1999; Nevalainen et al. 2000; Finoguenov et al. 2001) gives a straightforward estimate of the mass of a cluster from its X-ray temperature. We use the masstemperature relation rather than, e.g., a β model to estimate the mass both for simplicity and to ensure uniformity (X-ray observations allowing more detailed mass estimates are only available for a small fraction of the CIRS clusters). Numerical simulations (Evrard et al. 1996) suggest that estimating cluster masses based solely on emission-weighted cluster temperatures yields similar accuracy and less scatter than estimates which incorporate density information from the surface brightness profile. Figure 10 shows the X-ray temperature versus M 500 as estimates from the caustics for a subset of 28 clusters with X-ray temperatures listed in Jones & Forman (1999) or Horner (2001) . The solid line is the bisector of the leastsquares fits; the other lines show the best-fit relations of Finoguenov et al. (2001) and RASS-SDSS (Popesso et al. 2005) . We again find excellent agreement with previously determined scaling relations. Figure 11 shows the M 200 − σ p relation. The tight relation indicates that the caustic masses are well correlated with velocity dispersion estimates. The good correlation is perhaps not surprising because both parameters depend on the galaxy velocity distribution. The best-fit slope is M 200 ∝ σ 3.18±0.19 p with the uncertainty estimated from jackknife resampling. We compare the caustic masses to virial mass estimates in §6.
The excellent agreement between the caustic masses and the X-ray masses from previously determined scaling relation between mass and X-ray temperatures confirms the prediction of D99 that the caustic mass estimate is unbiased. CAIRNS found similar agreement between caustic masses and X-ray and virial mass estimates (Rines et al. 2003) ; Diaferio et al. (2005) show good agreement between masses estimated from the caustics and weak lensing.
The Shapes of Cluster Mass Profiles
We fit the mass profiles of the CAIRNS clusters to three simple analytic models. The simplest model of a selfgravitating system is a singular isothermal sphere (SIS). The mass of the SIS increases linearly with radius. Navarro et al. (1997) and Hernquist (1990) propose two-parameter models based on CDM simulations of haloes. We note that the caustic mass profiles mostly sample large radii and are therefore not very sensitive to the inner slope of the mass profile. Thus, we do not consider alternative models which differ only in the inner slope of the density profile (e.g., Moore et al. 1999) . At large radii, the best constraints on cluster mass profiles come from galaxy dynamics and weak lensing. The caustic mass profiles of Coma ), A576 (Rines et al. 2000) , A2199 (Rines et al. 2002) and the rest of the CAIRNS clusters (Rines et al. 2003) provided strong evidence against a singular isothermal sphere (SIS) profile and in favor of steeper mass density profiles predicted by Navarro et al. (1997) (NFW) and Hernquist (1990) . Only recently have weak lensing mass estimates been able to distinguish between SIS and NFW density profiles at large radii (Clowe & Schneider 2001; Kneib et al. 2003) .
At large radii, the NFW mass profile increases as ln(r) and the mass of the Hernquist model converges. The NFW mass profile is
where a is the scale radius and M (a) is the mass within a. We fit the parameter M (a) rather than the characteristic density δ c (M (a) = 4πδ c ρ c a 3 [ln(2) − 1 2 ] where ρ c is the critical density) because M (a) and a are much less correlated than δ c and a (Mahdavi et al. 1999 ). The Hernquist mass profile is
where a H is the scale radius and M is the total mass. Note that M (a H ) = M/4. The SIS mass profile is M (< r) ∝ r. We minimize χ 2 and list the best-fit parameters a, r 200 , the concentration c N F W =r 200 /a, and M 200 for the best-fit NFW model and indicate the best-fit profile type in Table  5 . We also list the parameter c 101 =r 101 /a; some authors prefer to use r 101 as the virial radius. We perform the fits on all data points within the maximum radial extent of the caustics r max listed in Table 3 and with caustic amplitude A(r) > 100 km s −1 .
Because the individual points in the mass profile are not independent, the absolute values of χ 2 are indicative only, but it is clear that the NFW and Hernquist profiles provide acceptable fits to the caustic mass profiles; the SIS is excluded for nearly all clusters. The NFW profile provides a better fit to the data than the Hernquist profile for 36 of the 72 CIRS clusters; 35 are better fit by a Hernquist profile and one is best fit by SIS. A non-singular isothermal sphere mass profile yields results similar to the SIS; thus, we report only our results for the SIS. Figure 12 shows the shapes of the caustic mass profiles scaled by r 200 and M 200 along with SIS, NFW, and Hernquist model profiles. The colored lines show different model mass profiles. The straight dashed line is the SIS, the solid lines are NFW profiles with c=3,5, and 10, and the curved dashed lines are Hernquist profiles with two different scale radii. The best-fit average profile is an NFW profile with c 200 =7.2 (this lowers to c 200 =5.2 when the fits are restricted to r≤r 200 ), consistent with Table 5 and with the values expected from simulations for massive clusters (NFW, Bullock et al. 2001 ). All three model profiles agree fairly well with the caustic mass profiles in the range (0.1-1)r 200 . The SIS only fails beyond ∼1.5r 200 ; this is why lensing has had trouble distinguishing between SIS and NFW profiles. As discussed in D99, the caustic technique can be subject to large variations for individual clusters due to projection effects. The best constraints on the shapes of cluster mass profiles are obtained by averaging over many lines of sight, or for real observations, over many different clusters. The current sample is the largest sample of mass profiles at large radii to date and thus provides the best possible test of the shapes of cluster mass profiles.
The concentration parameters c 200 = r 200 /a for the NFW models are in the range 2-60, in good agreement with the predictions of numerical simulations (Navarro et al. 1997 ). There is a weak anticorrelation of c with mass ( Figure 13 ). The differences in c should be small (∼20%) over our mass range compared to the scatter in c present in simulated clusters (Navarro et al. 1997; Bullock et al. 2001 ). The errorbars in Figure 13 indicate the average values and 1σ scatter in c 101 = r 101 /a in simulations (Bullock et al. 2001 ). The dynamic range of these simulations is not large enough to contain many massive clusters, but the CIRS clusters agree well with the extrapolation of the relation found in simulations. This result addresses one concern from the CAIRNS mass profiles: the concentrations c 200 were in the range 5-17 rather than the range 4-6 expected from numerical simulations for massive clusters (Navarro et al. 1997; Rines et al. 2003) . Similarly, recent mass profiles from weak lensing similarly find evidence of high concentrations in A1689 (Broadhurst et al. 2005a,b) , CL0024 (Kneib et al. 2003) , and MS2137 (Gavazzi 2005) . However, Figure 13 shows that the CIRS clusters have mass profiles consistent with those predicted by simulations, although with large scatter. If this scatter is physical rather than due to projection effects in the caustic mass profiles, then the apparent discrepancies between simula-tions and observations can be explained by an unlucky selection of clusters.
Recently, Tinker et al. (2005) investigated the dependence of the mass-to-light ratios of large-scale structure on cosmological parameters. In particular, they study simulations that reproduce the observed galaxy angular correlation function and luminosity function. They then infer the halo occupation distribution (HOD) and conditional luminosity function (CLF) for several values of σ 8 (σ 8 is the rms fluctuation in spheres of radius 8h −1 Mpc), yielding a prediction for the dependence of mass-to-light ratio on halo mass. Comparing their simulations to observed mass-to-light ratios of cluster virial regions, Tinker et al. (2005) concluded that models with values of σ 8 and/or Ω m smaller than those found by Tegmark et al. (2004) provide the best fits. Using a similar CLF approach with different parametrization, van den Bosch et al. (2003) also conclude that σ 8 and/or Ω m are smaller than suggested by Tegmark et al. (2004) . Tinker et al. (2005) show that the infall regions of large-mass halos (those with M 200 ≥3×10 14 h −1 M ⊙ ) in their simulations contain significantly more mass than the mass profiles inferred from CAIRNS (see their Figure 9 ). They suggest that either the caustic masses are systematically underestimated at large radii or that the observations conflict with the predictions. This discrepancy is especially interesting because it refers to mass ratios and is thus independent of galaxy bias. Figure 14 shows a similar plot for the CIRS clusters. The scatter is large, but the CIRS clusters are in much better agreement with the predictions of Tinker et al. (2005) than are the CAIRNS clusters. However, among clusters with M 200 ≥3×10 14 h −1 M ⊙ , there does appear to be an offset similar to but smaller than that of the CAIRNS clusters. Future comparison of the caustic mass profiles for the CIRS clusters to clusters in simulations would help understand this discrepancy.
The Ensemble CIRS Cluster
Following other authors (e.g., Carlberg et al. 1997; Biviano & Girardi 2003; Rines et al. 2003 , and references therein), we construct an ensemble CIRS cluster to smooth over the asymmetries in the individual clusters. We scale the velocities by σ p (Table 1) and positions with the values of r 200 determined from the caustic mass profiles (Table  3) . Figure 15 shows the caustic diagrams for the ensemble cluster. The ensemble cluster contains 15103 members within the caustics; 4502 of these are projected within r 200 and 10,601 have projected radii between 1 and 5 r 200 (5r 200 is comparable to the turnaround radii in Table 3 ). These results confirm that infall regions contain more galaxies than their parent virial regions (Rines et al. 2003 (Rines et al. , 2004 . The ensemble CIRS cluster contains more galaxies both within and outside r 200 than any previous study. Figure 16 shows the sky distribution of the ensemble cluster members. We remove galaxies near Virgo and NGC4636 for this figure because inculding them produces non-physical features from the survey pattern. Its appearance is reminiscent of globular clusters and shows that a sufficiently densely sampled ensemble cluster is close to circularly symmetric.
comments on individual clusters
Clusters share many common features, but any large sample of clusters contains some complex systems. We comment on some of the most exceptional cases here.
• A119 This cluster is in the CAIRNS survey. See Rines et al. (2003) for discussion. The mass profile computed here is based only on SDSS DR4 data which cover only a limited fraction of the infall region of A119. Despite this difference, the mass profiles from CIRS and CAIRNS agree reasonably well.
• A168 This cluster is in the CAIRNS survey. See Rines et al. (2003) for discussion.
• NGC 5846/NGC 5813 This group is one of the closest X-ray groups. It has been studied extensively, most recently by Mahdavi et al. (2005) , who present a velocity dispersion map. This map shows the infall pattern without azimuthal averaging (see their Figure 8 ). NGC 5846 is the dominant member of the group, and NGC 5813 is the center of a merging subgroup. Despite this ongoing merger, the velocity field on larger scales shows an infall pattern. This group demonstrates that infall patterns can exist in very low-mass systems.
• A1035 This cluster apparently consists of two systems offset by ∼3000km s −1 in redshift and nearly concentric on the sky. There appears to be two infall patterns which overlap at small radii. From the hierarchical analysis, the components A and B have redshifts z = 0.06748 and z = 0.08008 respectively. Component A is ∼10 ′ SE of component B. In the RASS image, A1035 is elongated NW-SE with a peak in the NW (see Figure 2b of Ledlow et al. 2003 ). This morphology is confirmed by a 4617 sec PSPC observation centered 47 ′ SE of A1035. Our suggested interpretation is that A1035A and A1035B are both X-ray clusters separated by ∼10 ′ and that the more distant A1035B contributes most of the X-ray flux. This picture is confirmed by comparing the RASS image to the SDSS image. There are two concentrations of galaxies, one centered roughly on the NW X-ray peak and one centered in the SE extension. The brightest several galaxies in these concentrations confirm that the NW peak is associated with the higher redshift component and the SE extension with the lower redshift component. From the RASS image, A1035B contributes ∼2/3 of the total flux, so we estimate L X,A = 7 × 10 42 erg s −1 and L X,B = 2 × 10 43 erg s −1 . If these clusters had been cleanly resolved by the catalogs, neither would lie above our flux limit.
• A1173/A1190 These two clusters are separated by 3.4h −1 Mpc in the plane of the sky and by 500km s −1 in redshift, they are likely bound. A1190 is about twice as luminous as A1173 in Xrays. This system is likely a bound binary cluster.
• A1291 This cluster is one of only three in the fluxlimited, redshift-limited sample that does not display an obvious infall pattern. Like A1035A/B, A1291 apparently consists of two systems offset by ∼2000km s −1 in redshift and nearly concentric on the sky (separation <4 ′ ). The caustic diagram shows two infall patterns which overlap at small radii. In addition, A1318 (not in CIRS) lies ∼4h −1 Mpc (in projection) from A1291A/B at approximately the same redshift as the higher-redshift cluster. Unlike A1035, A1291 does not contain multiple components in the RASS image. The peak of the RASS extended source is approximately centered on a bright galaxy (M r ≈-21.3) in the lowerredshift component. It is not clear whether there is any X-ray emission associated with the higher redshift component. The total flux is 4.2×10 −12 erg s −1 cm −2 , so at most one of the two components would meet our flux limit if they were resolved.
• A1728 This cluster has a large offset of 1.3h −1 Mpc between the X-ray and hierarchical centers. The sky distribution of galaxies reveals two components, one centered roughly on the X-ray peak and the other 1.3h −1 Mpc WSW (the hierarchical center is ∼10' away from the NED center of ZwCl1320.4+1121, a cluster without a known redshift). A caustic plot centered on the X-ray peak shows an infall pattern with slightly smaller amplitude and a "spike" at the radius of the WSW concentration. The RASS image shows no obvious X-ray emission from the WSW concentration. If we apply the caustic technique to the pattern centered on the X-ray peak, the total mass is smaller by about a factor of two.
• A1750A/B As noted in §2.2, the X-ray emission of A1750 has two components, A1750A and B. These components are separated by 340h −1 kpc in projection and ∼1300km s −1 in radial velocity (Belsole et al. 2004 ).
• A2061/A2067 These two clusters are separated by 1.8h −1 Mpc in the plane of the sky and by ∼600km s −1 in redshift, they are likely bound. A2061 is about four times more luminous in X-rays than A2067, so this system is similar to the A2199 supercluster, i.e., a central, massive cluster with an infalling group. These clusters are part of the Cor Bor supercluster (Small et al. 1998; Marini et al. 2004) . A2061 contains an X-ray 'plume' extending in the direction of A2067, suggesting a dynamical connection between the two systems (Marini et al. 2004 ). The A2069 supercluster (not in CIRS) lies behind both A2067 and A2061 (Postman et al. 1988; Small et al. 1998) . It is possible that hot gas in condensed substructures in the A2069 supercluster contribute to the measured X-ray flux attributed to A2067 and/or A2061.
• A2149 This cluster has two components along the line of sight, one at z=0.0675 and one at z=0.1068. The former redshift is adopted by eBCS and the latter redshift is adopted by NORAS. A close inspection of the RASS image for this cluster shows an extended area of X-ray emission peaked on the BCG of the z=0.0675 component. We conclude that most of the X-ray flux comes from the system at lower redshift with possible contamination from the more distant system.
• A2197/A2199 This cluster is in the CAIRNS survey. See Rines et al. (2001 Rines et al. ( , 2002 for discussion. A2197 has a 750h −1 kpc offset between the X-ray and hierarchical centers. A2197 is composed of two X-ray groups, A2197W and A2197E. The Xray center is the peak of A2197W; the hierarchical center is located approximately midway between A2197W and A2197E.
• A2244/A2245/A2249 These three clusters are in a fairly small volume of the universe. A2245 (z=0.086) is the most massive of the three, followed by A2244 (z=0.0997) ∼30 ′ north. A2249 (z=0.086) is centered about 2 degrees east and just off the edge of the SDSS spectroscopic survey. In addition, there's a loose system (A2241B, in the background of A2241) SW of A2245 which is at z∼0.097 but seems to have multiple components along the line of sight.
comparison to virial and projected mass estimates
Zwicky (1933, 1937) first used the virial theorem to estimate the mass of the Coma cluster. With some modifications, notably a correction term for the surface pressure (The & White 1986) , the virial theorem remains in wide use (e.g., Girardi et al. 1998 , and references therein). Jeans analysis incorporates the radial dependence of the projected velocity dispersion (e.g., Carlberg et al. 1997; van der Marel et al. 2000; Biviano & Girardi 2003, and references therein) and obviates the need for a surface term.
Jeans analysis and the caustic method are closely related. Both use the phase space distribution of galaxies to estimate the cluster mass profile. The primary difference is that the Jeans method assumes that the cluster is in dynamical equilibrium; the caustic method does not. The Jeans method depends on the width of the velocity distribution of cluster members at a given radius, whereas the caustic method calculates the edges of the velocity distribution at a given radius. The caustic method is not independent of the Jeans method, as the D99 method generally requires <v 2 esc > R ∼ 4 <v 2 > R within the virial region with radius R (see D99 for a more detailed discussion). Mass estimates based on Jeans analysis thus provide a consistency check but not an independent verification of the caustic mass estimates.
Applying the Jeans method requires an assumption about either the mass distribution or the orbital distribution. Typically, one assumes that light traces mass and thus that the projected galaxy density is proportional to the projected mass density (e.g., Girardi et al. 1998) or one assumes a functional form for the orbital distribution (e.g., Biviano & Girardi 2003) . Note that most authors make the implicit assumption that the orbital distribution of the dark matter can be inferred from that of the galaxies. Koranyi (2000) and Faltenbacher et al. (2005) showed that galaxies in simulated clusters often have significantly different orbital distributions than the dark matter. Another common assumption is that the kinematics of galaxies are independent of their luminosities. The consistency of CAIRNS mass profiles and velocity dispersion profiles for K s -band luminosity-limited and deeper samples indicates that this is a reasonable approximation (Rines et al. 2004) . We plan to test this assumption in future work.
We apply the virial mass and projected mass estimators (Heisler et al. 1985) to the CAIRNS clusters. For the latter, we assume the galaxies are on isotropic orbits. We must define a radius of virialization within which the galaxies are relaxed. We use r 200 (Table 3 ) and include only galaxies within the caustics. We thus assume that the caustics provide a good division between cluster galaxies and interlopers (see Figures 2-7) .
We calculate the virial mass according to
where R P V = 2N (N − 1)/ i,j>i R −1 ij is the projected virial radius and σ 2 p = i (v i −v) 2 /(N − 1). If the system does not lie entirely within r 200 , a surface pressure term 3PV should be added to the usual virial theorem so that 2T + U = 3P V . The virial mass is then an overestimate of the mass within r 200 by the fractional amount
where σ r (r 200 ) is the radial velocity dispersion at r 200 and σ(< r 200 ) is the enclosed total velocity dispersion within r 200 (e.g., Girardi et al. 1998 ). In the limiting cases of circular, isotropic, and radial orbits, the maximum value of the term involving the velocity dispersion is 0, 1/3, and 1 respectively.
The projected mass estimator is more robust in the presence of close pairs. The projected mass is
where we assume isotropic orbits and a continuous mass distribution. If the orbits are purely radial or purely circular, the factor 32 becomes 64 or 16 respectively. We estimate the uncertainties using the limiting fractional uncertainties π −1 (2lnN ) 1/2 N −1/2 for the virial theorem and ≈ 1.4N −1/2 for the projected mass. These uncertainties do not include systematic uncertainties due to membership determination or the assumption of isotropic orbits in the projected mass estimator. Table 6 lists the virial and projected mass estimates. Figure 17 compare the virial and caustic mass estimates at r 200 . The mean ratios of these estimates are M c /M v = 1.01 ± 0.04. The caustic mass estimates are consistent with virial mass estimates even assuming a correction factor C ≈ 0.1 − 0.2M vir , consistent with the bestfit NFW profiles (see also Carlberg et al. 1997; Girardi et al. 1998; Koranyi & Geller 2000; Rines et al. 2003) .
Figures 18-23 compare the mass profiles estimated from the caustics, virial theorem, and projected mass estimator. The projected mass estimator consistently overestimates the mass at small radii and underestimates the mass at large radii relative to the other profiles. This behavior suggests that this estimator is best for estimating virial masses but not mass profiles. The virial and caustic mass profiles generally agree although there are many clusters with large disagreements. The caustic mass profiles do not appear to consistently overestimate or underestimate the mass relative to the virial mass profiles. This result supports our use of caustic mass profiles as a tracer of the total cluster mass profile ( §3.5).
velocity dispersion profiles
Several authors have explored the use of the velocity dispersion profile (VDP) of clusters as a diagnostic of their dynamical states. For example, Fadda et al. (1996) find that VDPs typically have three shapes: increasing, flat, or decreasing with radius.
We calculate the VDPs of the CIRS clusters using all galaxies inside the caustics. Most of the CIRS clusters display decreasing VDPs within about r 200 (Figures 24-29 ). The VDPs either flatten out or continue to decrease between r 200 and r t , consistent with the results of CAIRNS.
Some authors (Carlberg et al. 1997; Girardi et al. 1998 ) suggest that an accurate estimate of r 200 can be obtained for a cluster from the asymptotic value of the enclosed velocity dispersion σ p (< r) calculated for all galaxies within a given radius. Many of the CIRS clusters, however, display no obvious convergence in the enclosed velocity dispersion (shown by triangles in Figures 24-29 ). If the rich clusters in the CNOC1 survey are similar to their CIRS cousins, the use of the asymptotic value of the enclosed velocity dispersion to estimate r 200 may be unreliable. The caustic technique provides an alternative method for estimating r 200 , although applying it requires many more redshifts than are needed for computing the velocity dispersion.
discussion
We use the Fourth Data Release of the Sloan Digital Sky Survey to test the ubiquity of infall patterns around galaxy clusters. The CAIRNS project found infall patterns in all 9 clusters in the survey, but the cluster sample was small and incomplete. Matching X-ray cluster catalogs with SDSS, we search for infall patterns in a complete sample of 72 X-ray selected clusters. Well-defined infall patterns are apparent in most of the clusters, with the fraction decreasing with increasing redshift due to shallower sampling. All clusters in a well-defined sample limited by redshift (ensuring good sampling) and X-ray flux (excluding superpositions) show infall patterns sufficient for calculating caustic mass profiles. Similar to CAIRNS, cluster infall patterns are better defined in observations than in simulations. Further work is needed to determine whether this difference lies in the galaxy formation recipes used in simulations or is more fundamental.
We use the infall patterns to compute mass profiles for the clusters and compare them to model profiles. We confirm the conclusion of CAIRNS that cluster infall regions are well fit by NFW and Hernquist profiles and poorly fit by singular isothermal spheres. Observed clusters resemble those in simulations, and their mass profiles are well described by extrapolations of NFW or Hernquist models out to the turnaround radius. The scaled mass profiles indicate that NFW profiles are favored over Hernquist and SIS profiles. The shapes of the best-fit NFW cluster mass profiles agree reasonably well with the predictions of simulations; the average mass profile has c 200 ≈7.2, slightly larger than the value for cluster size halos extrapolated from Bullock et al. (2001) and with similar scatter. These mass profiles test the shapes of dark matter haloes on a scale difficult to probe with weak lensing or any other mass estimator. The caustic pattern is often visible up to and beyond the turnaround radius. The mass within the turnaround radius (for clusters where the radial extent of the caustics r max exceeds the turnaround radius) is 2.19±0.18 times the virial mass M 200 (the average ratio for all clusters is 1.97±0.10), showing that clusters are still forming at present. Under a ΛCDM model, these masses are approximately equal to the final mass of clusters in the far future. This ratio agrees well with the ΛCDM simulations of Busha et al. (2005) , who find that the final mass of cluster scale halos in the far future is 1.9 times larger than M 200 measured at the present epoch.
We stack the clusters to produce an ensemble cluster containing 4502 galaxies projected within r 200 and an additional 10,601 within 5r 200 (roughly the turnaround radius). The infall region thus contains more galaxies than the virial region. The ensemble cluster appears circularly symmetric.
At small radii, the caustic mass profiles are consistent with independent X-ray mass estimates using previously determined scaling relations such as those found for RASS-SDSS (Popesso et al. 2005) . This good agreement indicates that the caustic technique is a reliable mass estimator (see also Rines et al. 2003) . At larger radii, the caustic masses agree well with virial masses.
The CAIRNS project demonstrated that the caustic pattern is common in rich, X-ray luminous galaxy clusters. The much larger CIRS sample confirms and extends many of the results of CAIRNS. Future papers in the CIRS project will analyze the relative distributions of mass and light in cluster infall regions, X-ray and optical substructure within infall regions, and the dependence of galaxy properties on environment. 2 2.1 a X-ray luminosity assuming all X-ray flux due to this component.
Note.
- Table 1 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. Note. - Table 2 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content. Table 3 is published in its entirety in the electronic edition of the Astronomical Journal. A portion is shown here for guidance regarding its form and content.
